Objective: To determine the dose-response relationship between ambulatory load magnitude during a walking stress test and load-induced changes in serum concentration of cartilage oligomeric matrix protein (sCOMP) in healthy subjects. Design: sCOMP was assessed before and after a 30-min walking stress test performed on three test days by 24 healthy volunteers. In each walking stress test, one of three ambulatory loads was applied in a block randomized crossover design: normal body weight (BW) (100%BW ¼ normal load); reduced BW (80%BW ¼ reduced load); increased BW (120%BW ¼ increased load). Knee kinematics and ground reaction force (GRF) were measured using an inertial sensor gait analysis system and a pressure plate embedded in the treadmill. Results: Load-induced increases in sCOMP rose with increasing ambulatory load magnitude. Mean sCOMP levels increased immediately after the walking stress test by 26.8 ± 12.8%, 28.0 ± 13.3% and 37.3 ± 18.3% for the reduced, normal or increased load condition, respectively. Lower extremity kinematics did not differ between conditions. Conclusions: The results of this study provide important evidence of a dose-response relationship between ambulatory load magnitude and load-induced changes in sCOMP. Our data suggests that in normal weight persons sCOMP levels are more sensitive to increased than to reduced load. The experimental framework presented here may form the basis for studying the relevance of the dose-response relationship between ambulatory load magnitude and load-induced changes in biomarkers involved in metabolism of healthy articular cartilage and after injury.
Introduction
Articular cartilage is found in every arthrodial joint of the human body and facilitates joint motion with low friction, force distribution across the articulating surfaces and force transmission to the subchondral bone 1 . Because of its unique structure, healthy articular cartilage is resistant against high cyclic loads and shear stress and shows almost no signs of degeneration throughout many decades of the lifespan in healthy adults 2, 3 . However, once the degeneration process has been initiateddfor instance, through injurydits layered architecture, slow metabolism and the chondrocytes' low potential for replication make it difficult to regenerate. 3, 4 Chondrocytes produce and maintain the extracellular matrix of articular cartilage 3e6 and their activity is influenced by mechanical and chemical stimuli that trigger changes in the production and release of growth factors and soluble cytokines 7e9 . Concentrations of these enzymes, of structural proteins and their fragments can be measured in serum and reflect upon the tissue status and metabolism. For instance cartilage oligomeric matrix protein (COMP) is a cartilage constituent that may be involved in cartilage degeneration and has been classified as biomarker for osteoarthritis in the Burden of Disease, Investigative, Prognostic, Efficacy of Intervention and Diagnostic (BIPED) classification 10e12 . COMP is a 524 kDa noncollagenous homopentameric glycoprotein produced by the chondrocytes and plays an important role in extracellular matrix organization 13, 14 . COMP binds to collagen I/II and IX and procollagen I/II and thereby has a role in collagen fibril organization 15, 16 . In early stages of fibril formation, it raises collagen I and II fibrillogenesis and facilitates collagen interaction by holding them tightly together 17 . When articular cartilage is degenerated, components of the extracellular matrixdand hence also fragments of COMPdare effused into the synovial fluid and to the blood. 18 COMP has been proposed as mechanosensitive biomarker. For instance, previous studies examining the effect of different physical activities and exercise on cartilage biomarkers reported increased serum COMP (sCOMP) levels after the activity burst 19e29 . Specifically, serum concentration of cartilage oligomeric matrix protein (sCOMP) levels were distinctly higher during and after a marathon (up to 1.6-fold) or ultramarathon run (up to 3-fold) than before the marathon 22e24, 28, 30 . Moreover, during 14-day and 21-day bedrest sCOMP levels were 15% and 20% lower than before bedrest 31, 32 .
These previous results indicate that sCOMP is not only sensitive to physical activity and to inactivity but that the magnitude and direction of response depends on the type or duration of the activity and possibly on the load magnitude. To date, only few studies have investigated the effects of different physical loads on sCOMP, and most of these compared different modes of load where several load characteristics (i.e., load magnitude, frequency, range of joint motion, and/or duration) were modified simultaneously 19,25e27,29 . Recently, Denning et al. 33 reported a greater load-induced increase in sCOMP when walking for 30 min with 140% body weight (BW) than with normal BW but observed no difference in load-induced increase in sCOMP between walking with 60% BW and normal BW. However, unloading was facilitated by a pressurized chamber on the lower body which reduces blood flow in the lower extremities reflected by increased systolic blood pressure 34 and hence likely limit the circulation of COMP in serum during the exercise 35 . Overall, there is insufficient evidence for a dose-response relationship between physical stress and articular cartilage biomarker concentrations. The purpose of this study was to examine the effect of systematically altered ambulatory load magnitude during a walking stress test on load-induced changes in sCOMP in healthy subjects. Moreover, while controlling for kinematics is very difficult, we tested if the implemented experimental framework is suitable for altering ambulatory load without changing kinematics.
Methods

Participants
Twenty-four healthy persons participated in this study (12 female, mean ± SD, age: 25.7 ± 1.4 years; body height: 167 ± 9 cm; body mass: 62.7 ± 8.4 kg; body mass index (BMI): 22.3 ± 1.6 kg/ m 2 ;12 male, age: 25.0 ± 2.2 years; body height: 181 ± 8 cm; body mass: 79.1 ± 11.6 kg; BMI: 24.0 ± 2.7 kg/m 2 ). Inclusion criteria were: age between 18 and 30 years; physically active (>2 times/ week); and BMI below 30 kg/m 2 . Exclusion criteria were: previous lower extremity injury and neuromuscular conditions that could have affected their gait. The study was approved by the regional ethics board and conducted in accordance with the Declaration of Helsinki, and participants provided written informed consent prior to participation.
Experimental framework
The experimental protocol followed a block randomized crossover design. Participants performed a 30-min walking stress test on a treadmill (mercury ® 3p, h/p/cosmos sports & medical GmbH, Nussdorf-Traunstein, Germany) on three different days (Fig. 1) . In each walking stress test, one of three ambulatory loads was Fig. 1 . Photograph of the experimental setup. A, subject walking on the treadmill connected to the dynamic unloading system; B, subject walking on the treadmill while wearing a weight vest.
applied: normal BW (100%BW ¼ normal load); reduced BW (80% BW ¼ reduced load); increased BW (120%BW ¼ increased load; Fig. 1 ). For the reduced load condition, dynamic unloading was achieved using an h/p/cosmos's airwalk ® system (h/p/cosmos sports & medical GmbH, Nussdorf-Traunstein, Germany). This system lowers the bodyweight of a participant dynamically through a harness connected to a pneumatic pulley system set to the intended percentage of bodyweight. The increased load condition was achieved using an adjustable weight vest (CAPITAL SPORTS Monstervest 20 kg, Chal-Tec GmbH, Berlin, Germany) with adjustable weights (1 kg increments) corresponding to 20% body mass placed in pockets on the front and back of the vest.
Procedures
For each participant, the three appointments were all at the same time of day preceded by at least one rest day. Participants were required to refrain from sports and physical activities for 24 h prior to each appointment. On each test day, five venous blood samples were taken 30 min (t -1 ) and immediately before (t 0 ) the walking stress test, and immediately (t 1 ), 30 min (t 2 ) and 60 min (t 3 ) after the walking stress test (Fig. 2) .
The schedule of test days was standardized, and only the load condition was modified. Participants rested sitting in a wheelchair for 60 min before and 60 min after the walking stress test. Inertial sensors of the gait analysis system (RehaGait ® , Hasomed GmbH, Magdeburg, Germany) were attached to their legs. Subsequently, participants walked for 1 min on the treadmill while the treadmill speed was continually increased to determine each participant's preferred walking speed. This individual preferred walking speed was then used for all load conditions. Then, participants stood next to the treadmill while the RehaGait ® sensors and the pressure plate embedded in the treadmill were calibrated and the weight vest or unloading harness was adjusted. For the reduced load condition, after the subject stepped onto the treadmill the harness was attached to the dynamic unloading system and the amount of unloading adjusted to 20% of the subject's BW. During the walking stress test, participants walked on the treadmill at their predetermined individual preferred speed for 30 min. Immediately after the walking stress test, participants rested for 60 min sitting in the wheelchair.
Gait analysis
During the walking stress test, vertical ground reaction force (GRF) was measured using the pressure plate built into the treadmill (mercury ® 3p, h/p/cosmos sports & medical GmbH, NussdorfTraunstein, Germany, with built-in Zebris FDM-T pressure plate, zebris Medical GmbH, Isny, Germany; sampling rate, 120 Hz), and joint kinematics were measured using an inertial sensor based gait analysis system (RehaGait ® , Hasomed GmbH, Magdeburg, Germany; sampling rate, 400 Hz). Both systems were calibrated immediately before the walking stress test. Force and kinematic data were recorded in minute 4 of the walking stress test. No additional filtering on the time series extracted from the built-in software was performed. The GRF impulse (area under the GRF curve) and maximum and minimum joint angles at the ankle, knee and hip during stance were calculated for each step and averaged for all steps taken within the 2 min. The total GRF impulse was calculated as the number of steps taken during the 30-min walking stress test times the average GRF impulse. The number of steps was extrapolated from the cadence measured by the pressure plate.
Blood samples
Venous blood samples were taken from the antecubital vein. A vein catheter (Vasofix ® Safety PUR 20G, B. Braun Melsungen AG, Melsungen Germany) was placed during the rest period before the first blood sample at t -1 ( Fig. 2 ) and remained there for the entire experiment. After every blood sample, the catheter was flushed with 10 ml isotonic saline solution (0.9% NaCl) to prevent plugging through clotting blood. The first 3 ml of every sample were discarded to avoid dilution through the injected saline solution. The blood samples clotted in the blood tubes (S-Monovette ® 7.5 ml ZGel, Sarstedt AG, Nürnbrecht, Germany) for 30 min. Subsequently, they were centrifuged (Sarstedt AG &Co SMC6) for 15 min at 2016 g and stored in the fridge (4 C) for no longer than 5 h until separation in aliquots and frozen (À20 C). The tubes were transferred to a À80 C freezer within 48 h. sCOMP was measured using a commercial available enzyme-linked immunosorbent assay (Human COMP protein ELISA kit, BioVendor, Modrice, Czech Republic). All samples were analyzed in duplicate. Intra-assay variability was estimated as coefficient of variation between the duplicates and Fig. 2 . Illustration of the test protocol. Each participant completed a walking stress test on three separate days after at least one rest day. The order of the load conditions (reduced, normal and increased load) was randomized in a randomized block design. was 4.2 ± 3.8%. The mean of the duplicates for each time point and condition was used for further analysis. sCOMP concentrations for one participant were above the upper detection limit, and hence data for this participant were not included in the further analysis.
Relative changes in sCOMP concentration between two time points t and t' were calculated as (sCOMP(t')-sCOMP(t))/sCOMP(t)*100.
Statistical analysis
Statistical analysis was performed in STATA Version 14.2 (StataCorp LLC, College Station, TX) and SPSS Version 25 (IBM Corporation, Amonk, NY). Repeated measurements ANOVA was used to compare sCOMP baseline values (t 0 ), relative decrease in sCOMP during recovery from the walking stress test, and GRF impulse, spatio-temporal and joint kinematic parameters between conditions. Relative load-induced increase in sCOMP was compared using a mixed model with participant as random intercept. Effects of sex and BMI were analyzed by adding them to this model as covariates and reporting the estimated regression coefficients b.
Pairwise comparisons were based on Scheffe's method. To assess the difference between two differences in load conditions, we considered the corresponding contrasts. In order to check whether the change we may observe between t 0 to t 1 reflects the biological response to the stimulus of the walking stress test, we also investigated the correlation of this change with the subsequent change between t 1 and t 2 . The Pearson's correlation coefficient R was computed to quantify the relationship between the relative loadinduced increase in sCOMP and the relative decrease in sCOMP after the intervention. The significance level for all statistical tests was set a priori to 0.05.
Results
Baseline sCOMP
sCOMP concentration at baseline (t 0 ) were similar on the different test days (P ¼ 0.274; Table I ) with a pooled mean of 470.5 and a pooled standard deviation of 221.7 ng/ml. Baseline sCOMP levels were similar when comparing when female and male participants (mean ± SD; women: 480.2 ± 267.9 ng/ml; men: 461.6 ± 172.5 ng/ml; P ¼ 0.731).
Load-induced changes in sCOMP
Absolute sCOMP levels are listed in Table I . Relative sCOMP increased immediately after the 30-min walking stress test on average by 26.8 ± 12.8%, 28.0 ± 13.3% and 37.3 ± 18.3% for the reduced, normal or increased load condition, respectively (P < 0.001; Fig. 3 Thirty minutes after the walking stress test (t 2 ), sCOMP levels were still higher than at baseline to a statistically significant degree (average ± SD sCOMP at t 2 relative to t 0 , reduced load: 105.0 ± 7.1%; normal load: 104.6 ± 8.0%; and increased load: 109.3 ± 10.6%; P < 0.001 for all). These concentrations did not differ between conditions at a statistically significant degree (P ¼ 0.062). The loadinduced increase in sCOMP from t 0 to t 1 correlated with the decrease during recovery from t 1 to t 2 (reduced load: R ¼ À0.789, P < 0.001; normal load: R ¼ À0.718, P < 0.001; increased load: R ¼ À0.734, P < 0.001; Fig. 4 ). Sixty minutes after the walking stress test (t 3 ), sCOMP returned to baseline concentrations (average ± SD sCOMP at t 3 relative to t 0 , reduced load: 99.9 ± 10.2%; normal load: 99.4 ± 8.0%; increased load: 101.3 ± 9.4%; P ¼ 0.907) and did not differ between conditions (P ¼ 0.734).
Gait
Participants walked at an average speed of 1.3 m/s (Table II) . The number of steps taken during the 30-min walking stress test and cadence did not differ between load conditions (P ¼ 0.160; Table II ). The GRF impulses for the reduced and increased load condition were on average 20.7% lower and 18.0% higher than for the normal load, respectively (Table II) . We observe only minor differences in maximum and minimum sagittal joint angles between the three conditions (P ! 0.081; Table II) or between sexes (P ! 0.109; all differences in joint angles 3 ).
Discussion
The purpose of this study was to examine the effect of systematically altered ambulatory load during a walking stress test on load-induced changes in sCOMP. Our results showed that the magnitude of the relative increase in sCOMP depends on the magnitude of the applied ambulatory load. These results represent important evidence of a dose-response relationship between ambulatory load magnitude and load-induced changes in sCOMP and clearly show its importance for in vivo mechanobiology of articular cartilage. Baseline sCOMP after 60 min of rest were comparable between test days. These results indicate that participants followed the instructions on maintaining consistent daily routines, and hence boundary conditions were comparable between test days (time of day, food intake, previous physical activity level, etc.). Comparisons of baseline concentrations to those reported in other studies are difficult because different assays were used 19, 20, 33 or results were reported in other units (e.g., units/liter 25e27,36 ) that cannot be converted because some assays target different components or fragments of COMP. Baseline sCOMP levels in our study were similar in men and in women. This result is in contrast to Kersting et al. 21 who reported statistically significantly lower baseline sCOMP in female than in male runners. However, Kersting et al.
21
neither controlled exercise during the 24 h prior to the exercise nor included a rest period before collecting baseline blood samples, and hence several factors may be responsible for sex differences in baseline sCOMP in their study. While we observed greater loadinduced increases in sCOMP in men than in women, kinematic parameters did not differ between sexes (data not shown). Taking into account the many biological differences between men and women and the potential of the natural exposure to loading to play a role in the evolution of gender differences, we can only speculate about the origin of this sex difference. Further research is needed trying to identify differences in physical or molecular biology between men and women as mediators for this sex difference. Interestingly, the load-induced response was consistent between participants despite of large variability in absolute concentrations between participants at each time point within load conditions. The average relative load-induced increase with normal BW in our study was greater than those previously reported for similar walking activities despite of comparable walking speeds in all studies. For instance, a 30-min treadmill walking exercise in young adults induced a 10% increase in sCOMP 33 , and a 30-min overground walking exercise in healthy young 37 and in healthy older adults 38 induced a 10% and 6% increase in sCOMP, respectively. The results of this study confirmed our hypothesis of a doseresponse relationship between magnitude of ambulatory load and load-induced increase in sCOMP. These results are in agreement with previous observations of greater increase in sCOMP with 40% greater BW applied using weight vest (22% load-induced increase in sCOMP) compared to normal body weight (10% loadinduced increase in sCOMP) while walking on a hyperbaric treadmill 33 . Interestingly, Denning et al. 33 did not observe a statistically significant load-induced increase in sCOMP with 40% lower BW. These results are particularly noteworthy for two reasons. First, the reduced load condition in the study by Denning et al. 33 was achieved by unloading with the hyperbaric treadmill. Being in a hyperbaric chamber increases the pressure acting upon the lower body, and systolic blood pressure increases when walking on a hyperbaric treadmill indicating reduced blood circulation in the lower extremities 34 . Reduced blood circulation presumably also reduces the systemic circulation of blood constituents 35 and hence may affect serum concentrations, possibly explaining the lacking load-induced changes in sCOMP with the reduced load condition reported by Denning et al. 33 Second, it is possible that joint load at 40% lower BW is too low to act as a mechanical stimulus. In our study the difference in the load-induced increase in sCOMP between increased and normal load condition showed a tendency to be greater than the difference in the load-induced increase in sCOMP between the reduced and normal load condition despite of no changes in the environmental pressure. The high correlation between load-induced increase in sCOMP and subsequent return to baseline indicate that the initial increase reflects the response to a biological stimulus present between t 0 and t 1 . This Fig. 4 . Correlation between change in sCOMP in the 30 min after the walking stress test (from t 1 to t 2 ) and change in sCOMP during the walking stress test (from t 0 to t 1 ) for the three load conditions (reduced load: R ¼ À0.789; normal load: R ¼ À0.718; increased load: R ¼ À0.734). sCOMPdserum concentration of cartilage oligomeric matrix protein. stimulus was the walking stress test, and hence the correlations provide further support of our interpretation that the difference in load explains the observed differences between the three conditions. Taking our results and those reported in the literature together suggests that the body is more sensitive to increases than to reductions in BWdat least in normal weight personsdbut that hyperbaric pressure may suppress the effects of altered joint load on load-induced increases in sCOMP.
Other approaches for studying the dose-response relationship between ambulatory load magnitude and load-induced increase in sCOMP have included comparisons between different exercise modes such as walking, running, squatting or running and walking at different speeds and different slopes 19,25e27 . For instance, Niehoff et al. 25 reported a load-induced 39% increase in sCOMP after a 30-min run in five healthy young subjects and no changes in sCOMP after 30 min of lymph drainage or deep knee bends. In another study 26 , the same group found a load-induced increase in sCOMP of 32% and 30% after 100 drop landings or 30 min running in 14 healthy young subjects. Pruksakorn et al. 27 observed no loadinduced increase in sCOMP after a 14 km level walk but a 25% increase after a 14 km uphill walk. However, the activities compared in these studies varied in several load characteristics. For instance, knee deep bends cover a much greater range of motion and do not involve impact load in contrast to walking or running. Moreover, drop landings are performed at a much lower frequency than the typical cadence of running exercises, and uphill walking kinematics differ substantially from level walking kinematics 39 . Finally, the number of load cycles differed between activities within these studies. All of these parameters may potentially influence the loadinduced change in sCOMP and hence must be considered in this context.
In our experimental framework, we were able to modulate ambulatory load magnitude without obvious change to joint kinematics. In a study by Denning et al. 19 participants completed different walking and running activities with 4000 steps for each activity and found greater load-induced increases in sCOMP for faster compared with slower activities. Moreover, they reported that not only differences in kinetic but also in kinematic parameters explained more than 60% of variance in load-induced increases in sCOMP. Hence, when comparing the effects of different ambulatory activities on load-induced increases in sCOMP, potentially associated kinematic parameters cannot be neglected. Moreover, the duration of activity may also influence the magnitude of loadinduced increases in sCOMP as observed in studies on prolonged running 24, 30 . Firner et al. 36 applied a different approach and investigated the effects of modulated external knee flexion moments on load-induced increase in sCOMP increase. However, they did not report any statistically significant differences in sCOMP increase between normal running and running with increased knee flexion moments. Interestingly, they found that changes in knee kinematics affected load-induced increases in sCOMP more than joint moments. These finding represent strong arguments for the relevance of the experimental framework that facilitates modulation of ambulatory load without changing joint kinematics and emphasizes the importance of controlling joint kinematics. Although we did not control for joint kinematics in our study, our experimental setup of treadmill walking at constant speed facilitated modulation of ambulatory load without any changes in joint kinematics. This experimental setup may be useful for studying the relevance of the dose-response relationship between ambulatory load magnitude and load-induced changes in biomarkers involved in articular cartilage metabolism for the initiation and progression of diseases involving articular cartilage.
The results of this study provide important evidence of a doseresponse relationship between ambulatory load magnitude and load-induced changes in sCOMP. Yet, our study does not address the metabolic pathway of this relationship. COMP fragments in serum may not only originate from articular cartilage depending on altered effusion caused by altered mechanical load 18 but may also derive from other tissues including tendons, ligaments or menisci 40 . However, in healthy equine carpal joints the content of COMP in intra-articular ligaments and synovial membrane was very low and hence may not largely contribute to the synovial fluid COMP concentration 41 . Moreover, exercise leads to an increase in sCOMP concentration and a decrease in knee synovial fluid COMP concentration whereas rest leads to an increase in synovial fluid and a decrease in sCOMP 20, 42 . This evidence suggests thatdalthough COMP is present in other tissuesdload-dependent sCOMP likely originate from articular cartilage. In summary, the results of our study showed that the magnitude of the relative increase in sCOMP depends on the magnitude of the applied ambulatory load. These results represent important evidence of a dose-response relationship between ambulatory load magnitude and load-induced changes in sCOMP and clearly show its importance for in vivo mechanobiology of articular cartilage. The experimental framework presented here may form the basis for studying the relevance of the dose-response relationship between ambulatory load magnitude and load-induced changes in biomarkers involved in articular cartilage metabolism for the initiation and progression of diseases involving articular cartilage such as osteoarthritis. 
